Introduction {#s0005}
============

Multiple myeloma is a neoplastic plasma-cell disorder characterized by clonal proliferation of malignant CD138^+^ plasma cells in bone marrow, elevated levels of monoclonal proteins in blood or urine, and severe dysfunction of organs in patients. It accounts for approximately 1% of all neoplastic diseases and 13% of hematological malignancies. In the USA, the annual age-adjusted incidence is 5.6 cases per 100,000 persons. Myeloma treatment has advanced significantly in recent years, and proteasome inhibitors (such as bortezomib and carfilzomib) and immunomodulatory agents have significantly improved outcomes of myeloma patients [@bb0005], [@bb0010]. However, relapse and drug resistance occur in virtually all responding patients [@bb0015], and so this disease remains incurable in the majority of patients, prompting a continued search for additional new therapeutics [@bb0020].

ONC201, previously referred to as TIC10, is currently in phase II clinical trials for patients with advanced tumors [@bb0025], [@bb0030]. This drug is a first-in-class small molecule that was identified in a high-throughput small-molecule library phenotypic screen as an efficacious antitumor therapeutic agent of p53-independent apoptosis [@bb0025], [@bb0030]. Subsequent mechanism of action studies have shown that ONC201 induces downstream activation of the integrated stress response and inactivation of Akt/ERK signaling in several tumor types [@bb0025], [@bb0030], [@bb0035], [@bb0040]. Preclinical studies have shown anti-proliferative and pro-apoptotic activity of ONC201, as a single agent, in numerous solid tumors including human tumor cell lines and patient samples that are refractory to chemotherapy and targeted therapies, but not normal cells. For example, treatment of ONC201 causes cell death of primary tumor cells from patients with colorectal cancer *in vitro* and has a potent anti-tumor effect in mice bearing cancer cell lines [@bb0045]. In glioblastoma, ONC201 treatment is reported to inhibit cell proliferation and induce cell death as well [@bb0050]. In hematological malignancies, administration of ONC201 prolongs the median survival of lymphoma-bearing mice *in vivo* and induces apoptosis in mantle cell lymphoma, acute myeloid leukemia, and T-cell lymphoma in in both cell lines and patient samples *in vitro*. A large *in vitro* efficacy screen of human cancer cell lines suggested that ONC201 would be particularly active in multiple myeloma, but this has not been established [@bb0030]. In this study, we determined the therapeutic efficacy and action mechanisms of ONC201 in multiple myeloma using both cultured human cell lines and patient-derived malignant plasma cells, supporting application of ONC201 in patients with this disease.

Materials and Methods {#s0010}
=====================

Reagents and Antibodies {#s0015}
-----------------------

Except where specified, all chemicals were purchased from Sigma-Aldrich, all antibodies for flow cytometry analysis were purchased from BD Biosciences, and all antibodies for Western blot analysis were purchased from Cell Signaling Technology. ONC201 was manufactured and provided by Oncoceutics Inc. The stock solution of ONC201 was dissolved in DMSO and stored at −80 °C in aliquots. In all experiments, the final concentration of DMSO did not exceed 0.1%. Caspase inhibitor Z-VAD-FMK was purchased from R&D systems.

Cell Lines and Primary Cells {#s0020}
----------------------------

Human myeloma cell lines were purchased from American Type Culture Collection (ATCC), except that ARP-1 and ARK cells were kindly provided by Arkansas Cancer Research Center, AR. The p53 knockout myeloma cells and drug resistant myeloma cells against bortezomib, dexamethasome, or carfilzomib were established as previously described before [@bb0055]. Primary myeloma cells were isolated from bone marrow aspirates of myeloma patients using anti-CD138 antibody-coated magnetic beads (Miltenyi Biotec, Inc.). This study was approved by the institutional review board of The University of Texas MD Anderson Cancer Center (Houston, TX). All myeloma cells were cultured in RPMI 1640 medium (Mediatech Cellgro) supplemented with 10% fetal bovine serum (FBS) and antibiotics.

Lentiviral Infection of shRNA *In Vitro* {#s0025}
----------------------------------------

Cells were infected with lentivirus containing human Bim shRNAs (Sigma-Aldrich) to knockdown Bim according to the manufacturer\'s protocol. Stable cell lines were selected with 0.7 μg/ml of puromycin (Sigma-Aldrich) for 4 weeks.

Cell Viability Assay {#s0030}
--------------------

Cell viability was determined by using CellTiter-Glo® Luminescent Cell Viability Assay (Promega) according to the manufacture\'s protocol. Briefly, 1 × 10^4^ cells per well in 100 μl volume were aliquoted into a 96-well opaque-walled plate and treated with ONC201 alone or in combination with bortezomib or carfilzomib. Wells without cells and with medium served as background control. After 48 or 72 hours, 100 μl of CellTiter-Glo® Reagent was added into each well, mixed for 2 minutes on an orbital shaker and incubated for 10 minutes at room temperature. The levels of luminescence signal was read by a plate reader spectraMax M5e (Molecular Devices).

Flow Cytometry Analysis {#s0035}
-----------------------

For analysis of apoptosis, cells were treated with ONC201 for 72 hours. In some experiments, 50 μM of Z-VAD-FMK were added simultaneously to the culture. Apoptosis of treated cells (5 × 10^5^ cells/sample) was detected by annexin V--FITC/propidium iodide (PI) staining (Life Technologies). After 20 minutes of incubation at room temperature, cells were measured by a BD LSRFortessa flow cytometer and results were analyzed using Flow Jo software. Apoptotic cells were defined as the annexin V-positive cells. For analysis of levels of phosphorylated or non-phosphorylated ERK1/2 and Bim, primary myeloma cells were treated with or without 2 μM ONC201 for 24 hours. Cells were fixed, permeabilized, and stained with specific antibodies. The stained cells were measured by a BD LSRFortessa flow cytometer and results were analyzed using Flow Jo software.

Western Blot Analysis {#s0040}
---------------------

Cells were harvested and lysed with 1 × lysis buffer (50 mM Tris, pH 7.5, 140 mM NaCl, 5 mM EDTA, 5 mM NaN3, 1% Triton-X-100, 1% NP-40, and 1 × protease inhibitor cocktail). Cell lysates were subjected to SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and immunoblotted with antibodies against caspase-3, caspase-8, caspase-9, PARP, Bid, Bax, Bak, PUMA, Mcl-1, Noxa (Millipore), Bcl-2, Bcl-xL, GAPDH, phosphorylated or non-phosphorylated Bim, ERK1/2, JNK, p38, and NFκB-p65.

Analysis of drug synergy {#s0045}
------------------------

Myeloma cells were treated with various combinations of ONC201 and bortezomib or carfilzomib for 48 hours. The cell viabilities were measured and combination index (CI) was calculated using CalcuSyn software (Biosoft version 2.0, Cambridge, United Kingdom). CI\<1, =1, and \>1 indicates synergism, additive effect and antagonism, respectively [@bb0060], [@bb0065].

Statistical Analysis {#s0050}
--------------------

All data are shown as means ± standard deviation for at least three independent experiments performed in triplicate. The Student *t* test was used to compare experimental groups. A P value \<.05 was considered statistically significant.

Results {#s0055}
=======

Administration of ONC201 Reduces Tumor Growth and Viability in Myeloma {#s0060}
----------------------------------------------------------------------

Human myeloma cell lines ARP-1, RPMI8226, MM.1S, U266, NCI-H299, and OPM2 were cultured in medium with various concentrations of ONC201 for 72 hours, and the viability of cultured cells was analyzed using the Cell-TiterGlo luminescent kit. As shown in [Figure 1](#f0005){ref-type="fig"}*A*, treatment of myeloma cells with ONC201 dramatically decreased viable cell number in a dose-dependent manner, and the IC50 values of ONC201 were 1 μM to 1.5 μM in ARP-1, RPMI8226, MM.1S, NCI-H299, and OPM2 cells and were 3.25 μM in U266 cells, indicating that the majority of myeloma cells are sensitive to ONC201 treatment at a concentration that is achievable based on pharmacokinetics in Phase I (Stein et al., Clinical Cancer Research, In Press).Figure 1Treatment of ONC201 reduces cell viability and induces apoptosis in both patient-derived myeloma cells and cell lines. Myeloma cells were cultured with gradually increased concentrations of ONC201 for 72 hours. After cultures, the cells were subjected to the Cell-Titer Glo Luminescent kit for assessing cell viability and the annexin-V binding assay for assessing cell apoptosis. (A) Shown is the percentage of cell viability in myeloma cell lines U266, OPM2, NCI-H929, RPMI8226, ARP-1, and MM.1S cells treated with different doses of ONC201. The IC50 of ONC201 treatment is 1 μM to 1.5 μM in the tested cells. (B-C) Annexin-V binding assay shows the percentage of apoptotic cells in (B) myeloma cell lines MM.1S, ARP-1, RPMI8226, OPM2, and U266 treated with 0 μM, 1 μM, 2 μM, or 4 μM of ONC201, and (C) CD138^+^ malignant plasma cells isolated from bone marrow aspirates of five patients, treated without (Control) or with 2 μM of ONC201. (D) Western blot analysis shows the cleaved (c) levels of caspases (Cas) 9, 3, and 8, and PARP in MM.1S, ARP-1, RPMI8226, and U266 cells treated with 0 μM, 1 μM, 2 μM, or 4 μM of ONC201. The levels of GAPDH served as protein loading controls. (E) Flow cytometry analysis shows the percentage of apoptotic cells in the myeloma cell lines MM.1S, ARP-1, and RPMI8226, treated with ONC201 without or with the pan-caspase inhibitor Z-VAD-FMK (50 μM). Results shown are representative of three to five independent experiments. \*\**P* \< .01.Figure 1

An annexin V-binding assay showed that ONC201 induced apoptosis in MM.1S, ARP-1, RPMI8226, and OPM2 cells in a concentration-dependent manner, but had less of an effect in U266 cells ([Figure 1](#f0005){ref-type="fig"}*B*). Similarly, in cultures of CD138^+^ primary malignant plasma cells, isolated from the bone marrow aspirates of five patients with newly diagnosed multiple myeloma, ONC201 induced a higher percentage of apoptotic cells than in control cultures ([Figure 1](#f0005){ref-type="fig"}*C*). As shown in [Figure 1](#f0005){ref-type="fig"}*D*, ONC201 treatment up-regulated the levels of cleaved capase-9, -3, and PARP, but it did not change the levels of cleaved caspase-8 and GAPDH proteins, in MM.1S, RPMI8226, and ARP-1 cells with dose dependence. The treatment had less effect on caspase cleavage in U266 cells ([Figure 1](#f0005){ref-type="fig"}*D*). Addition of the pan-caspase inhibitor Z-VAD-FMK significantly protected myeloma cell lines ARP-1, MM.1S, and RPMI8226 from ONC201-induced apoptosis ([Figure 1](#f0005){ref-type="fig"}*E*).

The status of TP53 has been shown to be important for myeloma cells in response to treatment. However, there was no difference in the effect of ONC201 on myeloma cell viability between p53 wild-type cell lines (ARP-1, NCI-H929 and MM.1S) and lines with mutant p53 (OPM2 and RPMI8226) ([Figure 1](#f0005){ref-type="fig"}*A*). Furthermore, when we used the CRISPR/Cas9 system to create isogenic p53 knockout forms of MM1, MOLP8, and NCI-H929 ([Figure 2](#f0010){ref-type="fig"}*A*), they were equally sensitive to ONC201 ([Figure 2](#f0010){ref-type="fig"}, *B*--*D*). In line with prior reports in other tumor types, these findings indicate that ONC201 acts in myeloma in a TP53-independent manner.Figure 2ONC201 acts in a TP53-independent manner. (A) Western blot analysis shows the protein levels of p53 in the wild-type (NT) and TP53 knockout (p53 KO) myeloma cell lines MM1, MOLP8, and H929. The levels of β-actin served as protein loading controls. (B-D) The paired myeloma cell lines with NT or p53 KO were incubated with gradually increased concentrations of ONC201 in a 72 hour-culture. Shown is the percentage of cell viability in NT or p53 KO of myeloma cells MM1 (B), MOLP8 (C), and H929 (D). Results shown are representative of three independent experiments.Figure 2

ONC201 Treatment Activates Bim-Mediated Apoptotic Signaling {#s0065}
-----------------------------------------------------------

Because members of the Bcl-2 family can modulate mitochondrial permeability, thereby regulating caspase-9 dependent apoptosis in tumor cells, we examined whether ONC201 treatment regulates the expression of pro- or anti-apoptotic members of the Bcl-2 protein family. As shown in [Figure 3](#f0015){ref-type="fig"}*A*, ONC201 treatment significantly up-regulated the protein levels of the pro-apoptotic protein Bim, but did not change the expression of other members, in ARP-1 and RPMI8226 cells. However, we did not observe obvious change of Bim mRNAs in ONC201-treated myeloma cells as compared to those in untreated cells ([Figure 3](#f0015){ref-type="fig"}*B*). When we knocked down the expression of Bim in ARP-1 or RPMI8226 cells, using two clones of shRNAs specific for human Bim ([Figure 3](#f0015){ref-type="fig"}*C*), we found that treatment of ONC201 induced lower percentages of apoptosis than in non-targeted shRNA cells ([Figure 3](#f0015){ref-type="fig"}*D*). These data indicate that Bim up-regulation mediates ONC201-induced myeloma cell apoptosis.Figure 3ONC201 treatment induces myeloma cell apoptosis through up-regulation of the expression of pro-apoptotic protein Bim. (A) Myeloma cells ARP-1 and RPMI8226 were cultured with 0 μM, 1 μM, 2 μM, or 4 μM of ONC201 for 24 hours, and then subjected to Western blot analysis on the levels of pro-apoptotic and anti-apoptotic proteins. The protein expression of Bim was increased in ARP-1 and RPMI8226 cells after ONC201 treatment. (B) Quantitative real-time PCR analysis shows Bim mRNAs in the myeloma cell lines ARP-1 and RPMI8226 treated with or without ONC201 (2 μM) in a 24 hour-culture. (C) Western blotting shows the reduced levels of Bim proteins in ARP-1 and RPMI8226 cells that were infected with a lentivirus carrying with the shRNAs of human Bim (*sh*Bim) when compared to those with non-targeted shRNAs (*sh*Ctrl). Two clones of *sh*Bim were examined. (D) Annexin-V binding assay shows the low percentage of apoptotic cells in ARP-1 and RPMI8226 cells with *sh*Bim after ONC201 treatment compared with that in *sh*Ctrl cells. The levels of GAPDH served as protein loading controls. Results shown are representative of three to five independent experiments. \*\**P* \< .01.Figure 3

Phosphorylation of Bim at Ser69 by ERK1/2 has been shown to promote proteasomal degradation of Bim. We found that ONC201 treatment dramatically down-regulated the levels of phosphorylated ERK1/2, but did not affect the phosphorylation of other signaling kinases including NF-κB, JNK1/2, and p38 MAPK in ARP-1 and RPMI8226 cells ([Figure 4](#f0020){ref-type="fig"}*A*). We also observed concentration-dependent reduction in phosphorylated Bim at Ser69 ([Figure 4](#f0020){ref-type="fig"}*B*). Similar results were also obtained from primary myeloma cells isolated from bone marrow aspirates of patients ([Figure 4](#f0020){ref-type="fig"}*C*). These findings suggest that ONC201 enhances Bim expression through inhibition of the ERK1/2 signaling pathway and reduction of Bim phosphorylation.Figure 4ONC201 treatment inhibits the ERK1/2 signaling and reduces the phosphorylation of Bim in myeloma cells. Western blotting analysis shows (A) the non-phosphorylated or phosphorylated (p) levels of ERK1/2, and the phosphorylated (p) levels of other kinases JNK1/2, p38, and NFκB, and (B) the phosphorylated (p) levels of Bim at Serine 69 in ARP-1 and RPMI8226 cells 24 hours after the treatment of 0 μM, 1 μM, 2 μM, or 4 μM of ONC201. The levels of GAPDH served as protein loading controls. (C) Flow cytometry analysis shows the levels of phosphorylated (p) or non-phosphorylated ERK or Bim in primary myeloma cells treated without or with ONC201 (2 μM) in a 24 hour-culture. Primary myeloma cells were isolated from bone marrow aspirates of myeloma patients (n = 6) and sorted with anti-CD138 antibody coated magnetic beads. Results shown are representative of three independent experiments.Figure 4

ONC201 Overcomes Drug Resistance and Has a Synergistic Anti-Myeloma Activity {#s0070}
----------------------------------------------------------------------------

Proteasome inhibitors bortezomib and carfilzomib and the classical agent dexamethasome are commonly used in myeloma, but resistance against these drugs eventually develops in the majority of patients. ONC201 was tested in parental and drug-resistant paired forms of myeloma cell lines, and found to be equally effective against dexamethasome-resistant cells of MM.1 ([Figure 5](#f0025){ref-type="fig"}*A*), bortezomib-resistant cells of OPM2 ([Figure 5](#f0025){ref-type="fig"}*B*) and carfilzomib-resistant cells of MM.1 ([Figure 5](#f0025){ref-type="fig"}*C*) and RPMI8226 ([Figure 5](#f0025){ref-type="fig"}*D*). Furthermore, we observed that ONC201 treatment increased Bim protein levels in both parental and resistant myeloma cells ([Figure 5](#f0025){ref-type="fig"}*E*).Figure 5ONC201 is effective in myeloma cells resisted to the commonly used chemo-therapeutic drugs. Chemo-resistant myeloma cell lines and their respective wild-type cells were cultured with different doses of ONC201 for 72 hours. There were no significant difference in the cell viability of MM cells between (A) dexamethasone-sensitive MM.1S and -resistant MM.1R, (B) bortezomib-sensitive OPM2 and -resistant OPM2 BZR, (C) carfilzomib-sensitive MM.1S and -resistant MM.1 R10R, and (D) carfilzomib-sensitive RPMI8226 and -resistant RPMI8226 CR. (E) Western blot analysis shows the protein levels of Bim in bortezomib-sensitive OPM2 and -resistant OPM2 BZR, and carfilzomib-sensitive MM.1S and -resistant MM.1 R10R. The levels of GAPDH served as protein loading controls. Results shown are representative of five independent experiments.Figure 5

To determine whether combination with ONC201 improves the anti-myeloma activity of chemotherapy, myeloma cells ARP-1 and RPMI8226 were cultured with bortezomib or carfilzomib alone or in combination with ONC201. The antagonism or synergism of the combinations was evaluated using Chou-Talalay analysis. At most dose combinations, ONC201 displayed synergy with bortezomib ([Figure 6](#f0030){ref-type="fig"}*A*) or carfilzomib ([Figure 6](#f0030){ref-type="fig"}*B*). We also found that combination treatment with bortezomib and ONC201 induced higher levels of Bim proteins and cleaved PARP in ARP-1 or RPMI8226 cells than treatment with bortezomib alone ([Figure 6](#f0030){ref-type="fig"}*C*). These results suggest that combination with ONC201 may increase the efficacy of chemotherapy drugs such as proteasome inhibitors on myeloma cells.Figure 6Combinations of bortezomib or carfilzomib with ONC201 have a synergistic anti-myeloma effect. The myeloma cell line ARP-1 was treated with a combination of ONC201 with either bortezomib (A) or carfilzomib (B) for 48 hours to evaluate their cell viabilities. Upper tables show a combination of ONC201 with bortezomib (BTZ) or carfilzomib (CFZ), and lower panels show the antagonism or synergism of the combinations. (C) Myeloma cells ARP-1 and RPMI8226 were cultured without (0) or with 2 μM of ONC201 (ONC) or 10 nM of bortezomib (BTZ) single or in a combination for 24 hours, and the cultured cells were then subjected to Western blot analysis. Shown are the levels of Bim proteins, cleaved (c) PARP, and GAPDH proteins in the tested ARP-1 or RPMI8226 cells. Results shown are representative of three to five independent experiments. (D) A depiction of the signaling mechanism for induction of apoptosis in myeloma cells by combination of ONC201 and bortezomib (BTZ).Figure 6

Discussion {#s0075}
==========

The imipridone ONC201 has been reported to reduce tumor growth and prolong survival in solid tumors [@bb0025] and some hematological malignancies including leukemia and lymphomas [@bb0040]. We found that ONC201 treatment induced p53-independent apoptosis of human myeloma cell lines and patient-derived primary CD138^+^ malignant plasma cells. We also determined that ONC201 inactivated the ERK1/2 signaling pathway, inhibiting Bim phosphorylation and consequently up-regulating its expression, leading to caspase-9/-3/PARP-mediated apoptosis in myeloma cells. Thus, our study provides a strong rationale for the application of ONC201 as a robust anticancer drug in myeloma.

Treatment of ONC201 has been reported to regulate tumor growth independently of p53 status in some tumors. In line with the previous results, we revealed that in myeloma, treatment of ONC201 could reduce cellular proliferation of both wild-type cells (ARP-1, NCI-H929 and MM.1S) and the cells with mutant p53 (OPM2 and RPMI8226), and knockout of p53 expression in myeloma cells did not change the effect of ONC201 on myeloma cells, indicating the action of ONC201 on myeloma cells in an additional apoptotic mechanism. Previous studies have shown that apoptosis can be triggered by a variety of stimuli through the death receptor pathway (the 'extrinsic apoptosis pathway') or the mitochondrial pathway (the 'intrinsic apoptosis pathway'). In the extrinsic or death receptor pathway, apoptosis is initiated through the binding of death ligands of the tumor necrosis factor (TNF) superfamily of cytokines, the TNF-related apoptosis-inducing ligand (TRAIL), and the CD95 (APO-1/Fas) ligand to their respective receptors, TNFR1, DR4/5, and Fas and consequently activating the caspase-8 and caspase-3 cascades [@bb0070], [@bb0075]. Kline et al. reported that in solid tumors, ONC201 triggered PERK-independent activation of the integrated stress response and activated the DR5/Foxo3a/TRAIL signaling pathway, leading to caspase-8 dependent apoptosis in tumor cells [@bb0035]. In hematological malignancies, Talekar et al. reported that treatment of non-Hodgkin\'s lymphoma cells with ONC201 induces tumor cell death through TRAIL [@bb0080]. However, Ishizawa et al. reported that TRAIL/DR5-mediated apoptotic signaling pathway was clearly not involved in AML or MCL [@bb0040]. In line with their data, we also found that the expression of TRAIL was not significantly changed in myeloma cells in response to ONC201, indicating that the mechanism of ONC201 action can differ between cancer types and the TRAIL-independent signaling pathway is equally responsible for ONC201 action in myeloma cells.

When myeloma cells were treated with ONC201, we did not observe activation of caspase-8. In line with our observation, recent studies showed that application of the caspase-8 inhibitor Z-IETD-FMK did not abrogate ONC201 effects on apoptosis in mantle cell lymphoma and acute myeloid leukemia [@bb0040]. These findings suggest that in hematological malignancies including multiple myeloma, apparently different from solid tumors, apoptosis induced by ONC201 occurs *via* the mitochondrial pathway, in which apoptotic stimuli induce permeabilization of the outer mitochondrial membrane, which triggers release of cytochrome c into cytoplasm, leading to cleavage of caspase-9 in apoptosome and subsequent activation of downstream executioner caspases such as caspase-3 and PARP [@bb0085]. Indeed, we observed that ONC201 treatment for 24 hours concentration-dependently up-regulated the cleavage of capase-9, caspase-3, and subsequent PARP, indicating that ONC201 triggers myeloma cell death through the caspase-9 dependent mitochondrial mediated apoptosis.

Mitochondrial outer membrane permeabilization is controlled by the balance of Bcl-2 family proteins [@bb0090], composed of pro-apoptotic proteins Bax, Bim, Bad, Bid, and Puma, and anti-apoptotic proteins such as Bcl-2, Mcl-1, and Bcl-XL [@bb0095], [@bb0100]. These proteins have been shown to be involved in ONC201-induced tumor cell apoptosis [@bb0050]. In addition, Kline et al. indicated a dose-dependent decrease of the anti-apoptotic protein XIAP in myeloma cells in response to ONC201 treatment [@bb0035]. In this study, we discovered a new action mechanism of ONC201 in inducing apoptosis in myeloma cells through activation of Bim-mediated apoptotic signaling. Alterations suppressing the pro-apoptotic protein Bim are reported to contribute to resistance to various standard or new chemotherapeutic agents. Bim deficiency represents a novel mechanism of adaptive bortezomib resistance in myeloma cells [@bb0105], and Bim loss induced by activation of the MAPK signaling pathway may predict a fundamental mechanism of resistance to histone deacetylase inhibitors [@bb0110], [@bb0115]. In addition, decreased Bim expression predicts a significantly reduced sensitivity of myeloma cells to ABT-737 treatment [@bb0120], and also correlates with poor survival in patients with multiple myeloma [@bb0125].

On the other hand, up-regulation of Bim by pharmacologic means may be an effective anti-cancer strategy. Bim expression is regulated by MAPK signaling, and inhibitors of MEK and ERK can reduce Bim phosphorylation at Ser69, resulting in a decrease of proteasome-mediated Bim degradation [@bb0130] We found that ONC201 significantly up-regulated the expression of Bim proteins in myeloma cells in a concentration-dependent manner, but did not alter that of other Bcl-2 family members including Bid, Bak, Bax, PUMA, Bcl-2, and Bcl-xL. Knockdown of Bim in myeloma cells using lentivirus-carried shRNAs remarkably reduced ONC201 effects on apoptosis, suggesting a critical role of Bim in induction of apoptosis by ONC201. Our results showed that ONC201 treatment down-regulated the phosphorylation of Bim and ERK1/2 in myeloma cells, but not other MAPK kinases such as JNK1/2 and p38 MAPK, or other signaling molecules such as NF-κB. Hence, up-regulation of Bim protein expression by ONC201 appears to result from loss of Bim phosphorylation through suppression of the ERK1/2 signaling ([Figure 6](#f0030){ref-type="fig"}*D*).

Previous studies have shown that inhibition of Bim degradation in the proteasome by the inhibitor bortezomib is a key mechanism for the accumulation of Bim protein, thereby enhancing Bim-mediated apoptosis [@bb0135]. Our data demonstrated that the combination of ONC201 with the proteasome inhibitors significantly increased Bim expression and PARP cleavage in myeloma cells, and had a synergistic effect on anti-myeloma activity. In contrast, ONC201 may increase Bim in non-proteasomal locations through inactivation of ERK signaling and Bim phosphorylation. Myeloma cells that resist bortezomib or carfilzomib do so by maintaining proteasome activity, and therefore Bim does not accumulate if Bim phosphorylation remains intact. Since ONC201 inhibits ERK signaling and Bim phosphorylation in bortezomib- or carfilzomib-resistant cells, Bim accumulates and leads to apoptosis ([Figure 6](#f0030){ref-type="fig"}*D*). Although more evidences are needed to prove the action mechanism for the combination treatment, our results indicate that targeting this pro-apoptotic molecule using two agents with different action mechanisms boosts therapeutic efficacy, providing a rationale for combining ONC201 with a proteasome inhibitor in myeloma therapy. The unusually benign safety profile of ONC201 in preclinical models and clinical studies [@bb0140], [@bb0145] should facilitate its clinical evaluation in heavily-pretreated myeloma patients who are frail and permit combination therapy.
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